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Abstract
Seasonal heat storage in the shallow subsurface is gaining relevance due to the increasing production of energy from renewable
sources. This work presents model extensions of the code OpenGeoSys for simulating impacts of heat storages on groundwater
quality. Application of the non-isothermal model is demonstrated for scenarios of heat storage in a TCE contaminated aquifer.
Simulation results show slightly elevated TCE emissions due to increases in ﬂow and solubility, but also increases in contaminant
biodegradation caused by widening of the plume. Further experimental and modeling work is required for a quantitative assessment
of such complex systems and process interactions.
c© 2015 The Authors. Published by Elsevier Ltd.
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1. Introduction
Seasonal heat storage in the shallow subsurface is becoming an important key stone in the transition of the
German energy market from nuclear power and fossil fuels towards an increased production of energy from renewable
resources. In 2012, e.g., more than 80% of the total energy consumption in German households were spent for room
heating and hot water production [1]. Especially in urban regions with high population densities and thus a high
energy and heat demand, the temporary storage of large amounts of heat, e.g. in combination with district heating,
is feasible. In Germany a number of large-scale seasonal subsurface heat storages were built over the last years. In
combination with solar thermal systems these storages contribute to the heating demand of residential areas and large
oﬃce or commercial complexes [2-4]. Depending on the operation of these heat storages, subsurface temperatures of
up to 70◦C may be reached during the main loading periods in summer [3,4].
Concerns about inﬂuences of such temperature increases on groundwater chemistry [5,6] and microbiology [7,8]
lead to a rather restrictive approval of such high temperature heat storages [9,10]. For the same reason, approval of
geothermal use of aquifers for heat storage or disposal is usually precluded directly so far at or close to groundwater
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contaminated sites, which are numerous especially in urban regions [10]. Detailed studies on the impacts of high
temperature heat storage on aquifers and groundwater quality, however, are scarce. Therefore, one aim of the
ANGUS+ joint research project [11] is to evaluate the general impacts of heat storages on shallow subsurface aquifers
and to assess the potentially induced thermal, hydraulic, mechanical and biogeochemical eﬀects at such storage sites
by experimental work and numerical scenario simulations. For this reason, coupled and process based numerical
models of non-isothermal groundwater ﬂow, heat and reactive mass transport are required. Such model extensions of
the open-source simulator OpenGeoSys (OGS) are presented in this work. Application of the code is demonstrated
for a ﬁrst simpliﬁed scenario, which investigates the principal impacts of a periodic high temperature heat storage by
borehole heat exchangers (BHEs) in the presence of a chlorinated hydrocarbon (CHC) groundwater contamination.
2. Model development
Simulating temperature inﬂuences on ﬂow, transport and reactive processes requires the consideration of the
interactions between the individual processes. The OGS code is used here, which employs a fully coupled model of
thermal, hydraulic and biogeochemical (THC) process interactions in porous media [12]. In the following subsections
the relevant processes and their extensions for temperature dependencies are summarized.
2.1. Groundwater ﬂow
OGS provides a pressure based formulation of the groundwater ﬂow equation [13]
nS w
∂pw
∂t
− 1
ρw
∇
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nρw
krw
μw
K (∇pw − ρw · g)
)
− Qw = 0 (1)
where n [-] is the porosity, S w [-] the water phase saturation, pw [Pa] the water pressure, t [s] the time and ρw [kg/m3]
and μw [Pa·s] the water density and viscosity, respectively. krw [-] is the relative permeability of the water phase, K
[m2] the permeability tensor, g [m/s2] the gravitational acceleration and Qw [kg/(m3·s)] the source/sink term for the
water phase. In a fully water saturated case S w = 1.0, while in the presence of an immobile non-aqueous-phase-liquid
(NAPL) S w < 1.0, which reduces the available pore space for the mobile water. In this case, krw < 1 and decreases
with S w, which can be described e.g. with Brooks-Corey or van Genuchten type models [14].
In the non-isothermal case, ρw and μw become functions of temperature and can be described fairly well with simple
empirical models such as presented by Yaws [15] (Fig. 1a). Decrease of ρw and μw with temperature eﬀectively results
in an increase of hydraulic conductivity k f [m/s] of the aquifer by a factor of approximately 4 between 283.15 and
363.15 K (Fig. 1a). Increase of k f , e.g. in a heat plume, will accordingly increase local ﬂow and transport velocities,
while a cold plume will result in the opposite eﬀect. Such thermally induced local velocity perturbations were shown
in tracer experiments by Krol et al. [16] as well as in numerical simulations by Popp et al. [17].
2.2. Heat transport
Heat transport in a ﬂuid saturated porous medium is governed by heat convection and heat conduction [13]
cρ
∂T
∂t
+ ∇ (ncwρwvT ) − ∇ (DH∇T ) + QT = 0 (2)
where T [K] is the temperature, v [m/s] the transport velocity, DH [W/(m·K)] the heat conduction-dispersion tensor
and QH [J/(m3·s)] the heat source/sink term. c and cw [(J/(kg·K)] are the speciﬁc heat capacities and ρ and ρw [kg/m3]
the densities of the water phase and the porous medium, respectively. In the presence of water and NAPL phases the
porous medium volumetric heat capacity is quantiﬁed as
cρ = nS wcwρw + nS ncnρn + (1 − n) csρs (3)
with S n [-] as the NAPL phase saturation, cs and cn [(J/(kg·K)] as the speciﬁc heat capacities and ρs and ρn [kg/m3]
as the densities of the solid matrix and NAPL phase, respectively. Eq. 2 is coupled to Eq. 1 via the ﬂow velocity v in
the convection term and the heat dispersion tensor DH
DH = nS wλw + nS nλn + (1 − n) λs + ncwρw
(
γtvδi, j + (γl − γt) viv jv
)
(4)
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Fig. 1. (a) Changes of water density (red line) and viscosity (green line) with temperature and the resulting hydraulic conductivities k f relative
to k f at 283.15K (blue line); (b) Changes in aquatic diﬀusion coeﬃcients Daq with temperature according to Yaws [15] exemplarily for organic
compounds trichloroethene (TCE), vinyl chloride (VC) and benzene and for inorganic compounds oxygen (O2) and hydrogen (H2).
where λw, λn and λs [W/(m·K)] are the thermal conductivities of water, NAPL and solid phases and γt and γl [m] are
the transverse and longitudinal heat dispersivities, respectively. vi and v j [m/s] are the components of the transport
velocity in i-/ j-direction and δi, j [-] is the Kronecker delta.
2.3. Mass transport
Mass transport for a mobile component i in groundwater is governed by advection and hydrodynamic dispersion
[13]:
nS w
∂Cw,i
∂t
+ ∇ (nvCw,i) − ∇ (nS wDM,i∇Cw,i) + Qw = 0 (5)
where Cw,i [mol/m3] is the aqueous concentration and QC,i [mol/(m3·s)] a source/sink term. Eq. 5 is coupled to Eq. 1
via v in the advection term and the hydrodynamic dispersion tensor DM,i [mol/(m2·s)], which is given by [18]
DM,i = τDaq + αivδi, j + (αl − αt) viv jv (6)
where τ [-] is the tortuosity of the porous medium, Daq,i [m2/s] the component speciﬁc aquatic diﬀusion coeﬃcient
and αl and αt [m] are the longitudinal and transverse solute dispersivities. Eq. 6 is aﬀected by heat transport through
the temperature dependency of Daq(T), which can be quantiﬁed by empirical equations such as Yaws [15] (Eq. 7), as
shown exemplarily for diﬀerent compounds in Fig. 1b.
Daq = 10A + B/T (7)
2.4. Kinetic NAPL dissolution and biodegradation
In this study two types of reaction processes are inﬂuenced by temperature. The kinetic dissolution rate of NAPLs
is calculated by a linear driving force model [19] with the Nambi and Powers model [20] for the eﬀective mass transfer
rate coeﬃcient ke f f [1/s]
∂Cw,i
∂t
= ke f f
(
Csatw,i −Cw,i
)
=37.2S n1.24Re′0.61
Daq
d502
(
Csatw,i −Cw,i
)
(8)
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Fig. 2. (a) Dependency of TCE solubility on temperature measured by Knauss et al. [21], Heron et al. [22] and Chen et al. [23] and the empirical
model of Knauss et al. [21] (Eq. 10) ﬁtted to the respective data set; (b) Changes in microbial growth rates of Dehalococcoides for dechlorination
of CHCs with temperature measured by Friis et al. [24] and the respective ﬁts of the empirical equation of Rosso et al. [25] (Eq. 12).
ke f f is expressed here as a function of NAPL saturation and the modiﬁed Reynolds number Re’ [-]. The saturation
concentration Csatw,i [mol/m
3], which represents the equilibrium concentration of a NAPL component in the water, is
quantiﬁed for multi-component NAPLs according to Raoults law, i.e.
Csatw,i = C
sol
w,i
γiCn,i∑
i
γiCn,i (9)
where Csolw,i [mol/m
3] and γi [-] are the pure phase solubility and NAPL phase activity coeﬃcient, respectively. The
latter is assumed as 1.0 for all NAPL components. Csolw,i is changing with temperature and can be approximated by the
empirical model of Knauss et al. [21]
Csolw,i = exp
(
1
R
(A + B/T +Cln (T ))
)
(10)
where R [J/(mol·K)] is the universal gas constant and A, B and C [-] are empirical parameters. Fig. 2a presents
measured TCE solubilities by Knauss et al. [21], Heron et al. [22] and Chen et al. [23] and corresponding predictions
by Eq. 10, which was ﬁtted to the respective data sets [21, 23].
Temperature changes also aﬀect biodegradation rates of organic contaminants. Trichloroethene (TCE), e.g., can
be degraded sequentially to dichloroethene (DCE), vinylchloride (VC) and ethene (ETH) with H2 as electron donor
by reductive dechlorination under anaerobic redox conditions. The individual degradation processes are quantiﬁed
by modiﬁed double Monod kinetics (Eq. 11), where growth of biomass X [mol/m3] depends on the availability of
substrates (CHCs and H2) and the maximum growth rate μmax [1/s] of the speciﬁc microorganisms
∂X
∂t
= μmaxX
CH2
CH2 + KH2
∑
i
CCHC,i
CCHC,i + KCHC,i
(
1 +
∑
ji CCHC, j/KI, j
) − ξX (11)
KH2 and KCHC,i [mol/m
3] are the half saturation concentrations of H2 and the respective CHCs, Ci [mol/m3] is
the substrate concentrations, KI, j [mol/m3] the competitive CHC inhibition constants and ξ [1/s] the decay rate
constant. Consumption of H2 and the CHCs is coupled to the growth terms of Eq. 11 via yield and stoichiometry
coeﬃcients. Biomass growth is very sensitive to temperature changes. Fig. 2b shows measurements of μmax for the
Dehalococcoides [24], which is able to sequentially degrade TCE, DCE and VC to ETH with H2 as electron donor by
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reductive dechlorination under anaerobic redox conditions. The temperature dependency of μmax can be described by
the model of Rosso et al. [25]
μmax = μopt
(T − Tmax) (T − Tmin)2(
Topt − Tmin
) [(
Topt − Tmin
) (
T − Topt
)
−
(
Topt − Tmax
) (
Topt + Tmin − 2T
)] (12)
with μopt [1/s] as the optimum growth rate and Tmin, Tmax, Topt [K] as the minimum, maximum and optimum growth
temperatures. Fits of Dehalococcoides growth rates with Eq. 12 show a good representation of the experimental data
of Friis et al. [24] (Fig. 2b).
3. Scenario deﬁnition
For a ﬁrst simpliﬁed numerical scenario simulation of a heat storage by an array of BHEs in a shallow CHC
contaminated aquifer a synthetic test case is developed. In a homogeneous aquifer and in the absence of convection
(i.e. at Rayleigh numbers Ra< 40), heat plumes emitted by an array of vertically oriented BHEs will have a more
or less ellipsoidally shaped temperature distribution in the x-y plane and almost constant temperatures along the z
direction. In this case a 2-D horizontal cross sectional groundwater ﬂow and heat transport model as shown in Fig. 3a
can be considered representative for the aquifer. The 2-D model with a size of 500mx 250m is assumed 20m below
groundwater table and comprises a 60 year old source zone of residual and thus immobile TCE, as CHCs like TCE
are the most prevalent organic contaminants in Germany [26,27]. The NAPL source zone has a size of 50 x 50m2,
a TCE saturation of 5% and a plume of dissolved TCE has developed in groundwater ﬂow direction. The aquifer is
assumed to consist of a ﬁne sand with a low transport velocity of 0.02m/d, as heat storage is expedient only under
low ﬂow conditions. Hydraulic and thermal parameters of the aquifer (Tab. 1) are taken from literature [28,29].
Heat storage in the model is simulated by time variant temperature boundary conditions, representing an array
of 72 BHEs. The boundary conditions for heat injection and extraction cycles (Fig. 3b) were extracted from a high
resolution 3-D BHE model [30], where the temperature curve was obtained at the intersection between grout material
and aquifer, resulting in maximum and minimum temperatures of 333 K and 277 K (Fig. 3b), respectively. Two
diﬀerent scenarios are compared, where heat storage is simulated directly in the TCE source zone (scenario S1) or
in the TCE plume fringe (scenario S2) (see Fig. 3a). The heat storage is simulated over a period of 60 years with
semi-annual cycles of heat injection and extraction. For the evaluation of impacts of temperature changes, a base case
scenario simulation (scenario BC) with constant groundwater temperature of 283.15K is performed additionally.
The maximum solubilityCsatw,i(T) (Eq. 10) for simulating the TCE dissolution with Eq. 8 is quantiﬁed with parameters
from Knauss et al. [21], while the aquatic diﬀusion coeﬃcient Daq(T) (Eq. 7) is quantiﬁed with parameters from Yaws
[15]. For the biodegradation of TCE and its daughter products DCE and VC the presence of Dehalococcoides is
assumed initially uniform across the aquifer. Maximum growth rates μmax(T) were quantiﬁed with the model of Rosso
Fig. 3. (a) Conceptual model of the 2-D synthetic scenario simulation of a TCE-contaminated aquifer with a model size of 500mx 250m and a
residual TCE source of 50 x 50m2. The array of 72 BHEs representing the heat storage is placed within the TCE source zone (scenario S1) or in
the TCE plume fringe (scenario S2); (b) Temperature boundary conditions at the BHEs (red line) exemplarily for two injection / extraction cycles
and base case constant groundwater temperature (grey dashed line).
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Table 1. Aquifer parameters for a ﬁne sand aquifer [28,29].
aquifer parameter notation value unit reference
permeability K 6.7·10-12 m2 [28]
velocity v 0.02 m/d [28]
porosity n 0.1 - [28]
spec. aquifer heat conductiity λ 2.2 W/m·K [28]
spec. aquifer heat capacity c 1204.2 J/kg·K [28]
displacement pressure pd 33.1 cm water [29]
pore-size distribution index λBC 3.3 - [29]
residual water saturation S rw 0.189 - [29]
et al. [25](Eq. 12) as shown in Fig. 2b. The parameters for ﬁtting this model to the measured data of Friis et al. [24]
are presented in Tab. 2.
The electron donor H2 can be provided by fermentation of dissolved organic carbon (DOC) under anaerobic redox
conditions. For the sake of simplicity, this process is mimicked by a constant H2 production rate of 6·10-10 mol/m3/s
throughout the aquifer. Competition of redox processes such as iron and sulfate reduction or methanogenesis for H2 is
accounted for by a constant bulk H2 consumption rate of 1·10-6 mol/m3/s, which is reduced to eﬀectively zero below a
H2 threshold concentration for these processes of 1.1·10-5 mol/m3 [31]. Half saturation concentrations and inhibition
constants for Eq. 11 were taken from Friis et al. [24].
Table 2. Parameters of the model from Rosso et al. [25](Eq. 12) for μmax(T) ﬁtted to experimental data of Friis et al. [24] for Dehalococcoides.
parameter unit TCE DCE VC
μopt 1/h 0.295 0.0076 0.024
Tmin K 274.15 276.15 276.15
Tmax K 313.15 313.15 313.15
Topt K 303 298 297.5
4. Results and discussion
Selected results of the scenario simulations after a simulated time of 60 years with heat storage (scenarios S1 and
S2) and without heat storage (scenario BC) are shown in Fig. 4. Comparing the streamlines of groundwater ﬂow
(black lines, Fig. 4a, c, e), the impact of elevated temperatures from heat storage can be seen in a focusing of the
streamlines due to changes in hydraulic conductivity. The decrease of water viscosity at higher temperatures leads to
a local increase in groundwater ﬂow velocity through the heat plumes of scenarios S1 and S2. Further simulations
show that this eﬀect can also be observed in aquifers with heterogeneous permeability distributions [17].
In scenario S1 the heat storage is directly placed within the TCE source zone. This leads to a slight decrease in
dissolved TCE concentrations (see Fig. 4a, c) compared to the BC due to the changes in TCE solubility, but also to a
slight increase in TCE emission caused by the locally increased groundwater ﬂow. Depending on the used parameter
set for solubility calculations (see Fig. 2b) the change in dissolved TCE concentrations and the amount of emitted TCE
varies. When using the parameters of Knauss et al. [21], as done here for the data presented in Fig. 4, the decrease
in TCE solubility in the temperature range of 283-307K compared to the BC (283K) almost compensates for the
increased TCE dissolution due to ﬂow focusing in the source zone. In total, this leads only to a slight increase of the
TCE mass ﬂux from the source zone of 3-4% relative to the BC. Contrary to this, with parameters of Chen et al. [23],
where the solubility of TCE continuously increases with temperature, the increase in TCE mass ﬂux is 20-21% (data
not shown). Scenario S2 shows similar changes in TCE mass ﬂux (+ 4-5 %), although in this case the heat storage is
placed downgradient of the source zone in the TCE plume fringe. Here only the changes in groundwater ﬂow ﬁeld
aﬀect the source zone emission.
Dehalococcoides concentrations (X) are aﬀected by the heat storage in both scenarios, which is shown in Fig. 4d
and f as changes in X relative to the BC (Fig. 4b). Biomass decreases directly within the heat storages due to
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Fig. 4. Results of the isothermal base case simulation (BC) for (a) ﬂow ﬁeld (black lines), TCE concentration (colored contours) and (b) the
Dehalococcoides concentration (X); results of the heat storage scenario S1 (heat storage within the TCE source zone) and S2 (heat storage in plume
fringe) for (c,e) the ﬂow ﬁeld (black lines), the temperature diﬀerence (ΔT) relative to the BC (red lines), the TCE concentration (colored contours)
and (d,f) for the percentage change of the Dehalococcoides concentration (ΔX) relative to the BC.
temperatures of about 328K and 278K during the heat injection and extraction periods, which is above and below
maximum and minimum growth temperatures, respectively. Within the heat plumes around the actual heat storage
moderate temperatures of 293K to 303K are reached, which is in the optimum range for the microbes. Here, growth
of Dehalococcoides is increased in total compared to the BC scenario. Moreover, the plume width transverse to
the ﬂow direction increases by about 6m due to a spreading of streamlines downgradient of the heat storage, which
increases the size of the region for microbially mediated dechlorination and hence the biomass in the plume fringe.
Contrary to this, the increase in ﬂow through the heat storage lead to a reduction of the plume width in the area of
stream line focussing and a decrease in biomass at the respective plume fringe. In total, the microbial biomass in
the model domain is about + 5% and + 3% larger after 60 years of heat storage in scenarios S1 and S2, respectively,
compared to the BC. The increase in biomass also implies an increase in the overall CHC degradation induced by the
heat storage, which is found to be + 3% and + 2% relative to the BC after 60 years of heat storage in scenario S1 and
S2, respectively.
In summary, the investigated heat storage scenarios show the general eﬀects of a slight increase in simulated TCE
emission from the source zone, but also an enhancement of CHC biodegradation. The model simulations indicate that
heat storages in a contaminated aquifer could positively inﬂuence the microbial degradation of emitted contaminants
and thus the cleanup of contaminated sites. These results, however, should be interpreted with care, as the numerical
model and the investigated scenarios − though quite complex already − still neglect processes of potential relevance in
the interactions of heat storages and subsurface contaminations. The simulated temperature dependent biodegradation
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of TCE, DCE and VC is generally limited by the availability of the electron donor H2, and temperature eﬀects can
be expected on the rates of H2 production by DOC fermentation as well as on redox reactions in competition to CHC
dechlorination for H2. In the presented model simulations, H2 sources and sinks were considered as bulk rates and
without accounting for temperature dependencies. Moreover, experimental data by Jesußek et al. [5] or Bonte et
al. [6] show a release of additional DOC from aquifer sediments at elevated temperatures, which may stimulate the
production of H2 and thus redox processes and CHC degradation. It is still under debate, however, which fractions of
the thermally induced release of DOC would be readily fermentable by microorganisms in groundwater [7].
Depending on the pressure conditions in the aquifer, strong increases in groundwater temperatures may also result
in gas phase partitioning of volatile compounds like CHCs as well as gases naturally dissolved in groundwater (N2,
CO2, CH4 etc.). In the regarded scenarios, the hydrostatic pressure at a groundwater depth of 20m would probably
prevent the formation of large gas volumes in the simulated temperature range, but at more shallow depths coherent
gas phases may develop. This could reduce the eﬃciency of a heat storage and diminish the contaminant emission due
to the isolating eﬀects of a gas phase and the resulting permeability decrease around the BHEs. On the other hand, a
mobilized gas phase containing volatile contaminants also poses a threat of increasing contaminant emission into the
vadose zone.
The consideration of these processes in the numerical model, however, is beyond the scope of this work. The
presented scenario simulations and the presented results therefore should be interpreted only as a ﬁrst simpliﬁed
investigation of thermal impacts from heat storage on coupled groundwater ﬂow, heat transport, NAPL dissolution
and CHC biodegradation, highlighting speciﬁc process interactions and demonstrating the applicability of the non-
isothermal model extensions of the OGS code.
5. Summary and Conclusion
This work summarizes the extensions of the OpenGeoSys code implemented for the numerical non-isothermal
simulation of geothermal use of the shallow subsurface and consequential impacts on coupled groundwater hydraulics,
heat transport and biogeochemical processes, e.g. at contaminated sites. (Semi-)empirical relations established on
published experimental data are used to quantify temperature dependencies of governing parameters for ﬂow, transport
and reactive processes such as groundwater density and viscosity, aqueous diﬀusion and mass transfer coeﬃcients,
and microbial growth and biodegradation rates.
Application of the coupled model is demonstrated for a ﬁrst simpliﬁed scenario of a BHE heat storage in a shallow
CHC contaminated aquifer. The numerical simulations show slight increases of both, contaminant emission from the
source zone due to locally increased groundwater ﬂow through the heat plume, and contaminant biodegradation due
to a spreading of the CHC plume downgradient from the heat storage and a stimulation of microbial growth rates with
temperature. These results suggest that a well controlled heat storage might be exploited for a performance increase
of active or passive remediation measures at NAPL contaminated sites.
Despite the overall complexity of the simulated process interactions the presented model still neglects a number of
processes such as gas phase partitioning of volatile compounds or changes in redox conditions from thermally induced
DOC desorption, which might be relevant within the context of geothermal use of the subsurface and biogeochemical
interactions. Therefore, further experimental studies in combination with model based investigations are performed
within the framework of the ANGUS+ project in order to gain the quantitative understanding in process interactions
necessary for an assessment of related ﬁeld scale problems.
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